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Plan&of&lecture:&&

(
To(review(recent((mainly(STEREO)(observaVonal(results(on:((
(
;  the&slow&solar&wind&&

(>>(solar/coronal(origin,(origin(of(variability(

(
;  the&properAes&of&CMEs&

(>>(solar/coronal(origin,(topology,(energy(budget,(propagaVon(

;  the&acceleraAon&of&SEPs&

((((((>>(solar/coronal(origin,(spaVal(spread(and(content,(GLEs(
(
For(each(topic(I(will(highlight(the(importance(of(the(Solar(Probe(+(and(of(the(
Solar(Orbiter(missions(in(solving(key(science(quesVons.(
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The(coronal(magneVc(field(is(conVnually(driven(out(of(its(equilibrium(state,(
(

>>(Transient(acVvity(is(a(signature(of(the(magneVcally;dominated(corona’s(constant((
struggle(to(retrieve(a(lower(energy(state.(

Can(define(the(source(region(locaVon(of(the(fast(solar(wind(

Generates(a(fracVon((all?!)(of(the(slow(solar(wind(

Releases(strong(magneVc(field(regions(in(the(interplanetary(medium(

Fast(ejecVon(generates(converging(flows(and(pressure(gradients(

Changes(the(flux(and(spectra(of(parVcules((
(thermal,(suprathermal,(high;energy)(

Changes(the(electromagneVc(output(of(the(Sun(
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Plan&of&lecture:&&

(
To(review(recent((mainly(STEREO)(observaVonal(results(on:((
(
;  the&slow&solar&wind&&

(>>(solar/coronal(origin,(origin(of(variability(
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McComas(et(al.(2008(
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STEREO(
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DeForest(et(al.(2013(
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HI;2A( HI;2B(
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Sun(

fast&&

plasma&

slow&&

plasma&
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The(variability(of(the(slow(solar(wind(can(be(generated(either(
through:(

(

(

;  the(formaVon(mechanism(of(the(wind((

(

;  or(is(added(to(the(wind(in(a(separate(transiVve(process.(
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4;6(edge;on(blobs(per(day((1996;1998)(
( (((((((((((((((((Sheeley(et(al.((1999)(

Wang(et(al.((2008)(

These(blobs(provide(a(subset(of(the(density(variability(of(the(slow(solar(wind.(
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Sheeley(and(Rouillard((2010)(
Rouillard(et(al.((2011)(
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Sheeley(et(al.((2009)(
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COR.2A& COR.2B&

Arc;like(structures(emimed(over((
20;40(degrees(PA(range(

2;3(edge;on(blobs(per(day(
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COR;1B(and(COR;2B:(June(2008(

Blobs(observed(face;on(at(high(laVtudes(tend(to(be(faint(so(we(average((and(subtract(a(
combinaVon(of16(running(COR;1(frames(and(6(running(COR;2(frames:(many(more(arc;
shaped(structures(appear!((
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2;3(face;on(blobs(per(day(along(
one(posiVon(angle.(
(
30;40(degrees(PA(range(

Blobs(observed(face;on(at(high(laVtudes(tend(to(be(faint(so(we(average((and(subtract(a(
combinaVon(of16(running(COR;1(frames(and(6(running(COR;2(frames:(many(more(loop(
structures(appear(to(emerge.(
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;  The(easiest(transients(to(detect(in;situ(are(magneVc(flux(ropes((onen(magneVcally(
dominated(regions(of(the(solar(wind(with(changes(in(magneVc(field(orientaVon(and(
strength).(

(
(
(
(
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;((((The(easiest(transients(to(detect(in;situ(are(magneVc(flux(ropes((onen(magneVcally(
dominated(regions(of(the(solar(wind(with(changes(in(magneVc(field(orientaVon(and(strength).(
(
(
;((((Cartwright(and(Moldwin(found(evidence(that(the(distribuVon(of(FRs(is(double;peaked.(
(
(
;((((Small;scale(flux(ropes(are(much(more(abundant(than(larger(flux(ropes((Feng(et(al.(2007)(
(
(
;  Small(scale(flux(ropes(are(ten(Vmes(too(adundant(to(corresond(to(CMEs(as(defined(by(

LASCO(CME(list((Janvier(et(al.(2014)(

;  Small(magneVc(flux(ropes(with(R(<(0.1(AU(have(a(steep(power;law(in(contrast(to(the(larger(
flux(ropes((MagneVc(Clouds)(that(have(a(Gaussian;like(distribuVon((Janvier(et(al.(2014).(

;  Electron(signatures(of(closed(loops(in(slow(solar(wind((Kilpua(et(al.(2009)(and(refolded(
magneVc(field(lines((Crooker(et(al.(2003).(

(
(
(
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Sheeley(and(Rouillard((2010)(

LSS?(

SB(

Rouillard(et(al.((2011)(

;(For(the(connecVon(to(be(made(between(small(magneVc(flux(ropes(and(their(coronal(sources(
their(radial(size(must(exceed(0.02AU((Rouillard(et(al.(2011)(and(to(be(entrained(in(CIRs.(
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What&observaAons&do&we&need&from&Solar&Orbiter&and&Solar&Probe?&

(
;  In;situ(measurements(in(regions(above(the(the(Vp(of(streamers,(

;  Plasma(measurements(of(the(expansion(speed(of(the(rope:(compeVVon(
between(plasma(pressure(and(poloidal/toroidal(forces.((

;  ComposiVon(measurements(to(idenVfy(the(source(regions,(combined(
with(spectral(measurements(of(coronal(loops,(
(
;  High;resoluVon(images(of(small;scale(transients((MAJOR(
IMPROVEMENT(TO(CURRENT(1AU(OBSERVATIONS):(currently(it(is(
impossible(to(idenVfy(the(source(of(flux(rope(with(sizes(<0.05AU(
measured(at(1AU.(

to(name(a(few…(



Plan&of&lecture:&&

(
To(review(recent((mainly(STEREO)(observaVonal(results(on:((
(
(
(
;  the&properAes&of&CMEs&

(>>(solar/coronal(origin,(topology,(energy(budget,(propagaVon(
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2000/02/27(07:42UT(;(LASCO(C3(

Bright&front&
Cavity&

Bright&core&

1a(

So;called(3;part(structure:(bright(front,(cavity(and(a(core((e.g.:(Illing(and(Hundhausen,(1986):(

The(Halpha(656.3nm(line(of(neutral(hydrogen(is(the(principal(prominence(spectral(line(
observed(in(the(SECCHI(white(light(instruments((spectral(band;passes(are(for(COR1:(
543;786nm;(COR;2:(650;750nm;(HI;1:(630;730nm;(HI;2:(400;1000nm).(

IAU(2012(meeVng(–(Beijing(CNCC((
(
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EUVI.B&195A&2008/06/03&11:06&UT&

&&&&&&&&&&&HI.1A&2008/06/03&14:49&UT&
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Flux.rope&

DS.1&

DS.2&

c&

d&

e&

f&

g&

h&

i&

j&

k&

ElongaAon&&

of&&ST.B&

DS.1&

DS.2&

Mostl(et(al.((2009),(Wood(et(al.((2010)(Rouillard(et(al.((Review(paper:(2010d)(



Wood(et(al.((2010)(and(Moestl(et(al.((2009)(and(Rouillard(et(al.((2009)(find(same(orientaVons(of(flux(ropes(in(white;light(and(
in(situ.((

Wood(et(al.((2010)(
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The(STEREO(mission(has:(
(
;  revealed(the(3;D(geometry(of(magneVc(flux(ropes(transported(in(Coronal(Mass(EjecVons(

;  Shown(that(magneVc(flux(ropes(retain(their(circular(cross;secVon(during(their(propagaVon((
to(1AU((Wood(et(al.(2009;(2010;(Moestl(et(al.(2009;(Rouillard(et(al.(2009)(unless:(

;  they(compress(very(slow(solar(wind(ahead((Savani(et(al.(2009)(

;  they(are(compressed(by(high;speed(solar(wind(
(((((((e.g;(Rouillard(et(al.(2010)(
(
(
(

;  MagneVc(flux(ropes(can(be(deflected(towards(the(eclipVc(plane,(this(happens(inside(30Rs((
(Makela(et(al.(2013,(Isvanin(et(al.(2014)(
(
;  MagneVc(flux(ropes(may(rotate(during(their(propagaVon(to(1AU((Vourlidas(et(al.(2011;((
Isvanin(et(al.(2013),(seen(in(simulaVons(of(erupVons:(Lynch(et(al.(2009(
(
;  MagneVc(Flux(ropes(may(reconnect(with(the(coronal/solar(wind(magneVc(field(during((
propagaVon(to(1AU((Ruffenach(et(al.(2012;(2014).(

Savani(et(al.(2009(



The(accumulaVon(of(poloidal(magneVc(flux(in(larger(transients,(via(some(yet(debated(
mechanism,(generates(a(range(of(radial(forces(and(instabiliVes((e.g.(kink,(torus)(that(lead(
to(violent(erupVons.(

In(the(erupVve(flux(rope(model(of(Chen((1989),(the(Lorentz((hoop)(force((Bateman(1978)(is(
enhanced(by(an(increasing(poloidal(field(>>(leading(to(rapid(acceleraVon.((
(
>>>(Very(good(match(between(simulated(and(observed(kinemaVc((Kunkel(and(Chen(2010).(
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Kunkel(and(Rouillard((2014)(



Karen&Harvey&Lecture&.&Boston&.&3&June&2014&

What&observaAons&do&we&need&from&Solar&Orbiter&and&Solar&Probe?&

(
;(((B;field(measurements(in(regions(where(the(magneVc(forces(have(a((
significant(role(in(the(moVon(of(the(CME.(
(
;  Plasma(measurements(of(the(expansion(speed(of(the(rope:(compeVVon(
between(plasma(pressure(and(poloidal/toroidal(forces.((

;  ComposiVon(measurements(to(assess(the(rate(of(drainage(of(the((
prominence(material.(
(
;  High;resoluVon(images(of(CMEs(to(obtain(a(global(geometry(of(CMEs(
during(the(iniVal(phase((assessing(expansion/contracVon(of(cross;secVons).(
(
to(name(a(few…(



Credit:(NASA(
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Plan&of&lecture:&&

(
To(review(recent((mainly(STEREO)(observaVonal(results(on:((

;  the&acceleraAon&of&SEPs&

((((((>>(solar/coronal(origin,(spaVal(spread(and(content,(GLEs(
(
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;  Proton(rich.(
;  High(fluxes(sustained(for(long(Vme(intervals(
;  Occur(during(major(CME(events.(
;  Associated(with(Type(IIs(

;  Electron(rich.(
;  Short(duraVon(
;  3He/4He(enhanced(by(large(factors((x104(
;  Enhanced(Ne;Si(and(Fe(over(CNO(as(

compared(to(gradual(SEP(events(
;  Enhancement(of(�ultra(heavy�(ions((Z(≥(3)(
;  electron(rich(
;  small(intensiVes(and(short(duraVon((flares(

and(SEPs)(

Reames((1999)(

Sun(

shock& Observer(
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•  Over(the(course(of(cycle(23,(a(tenth(of(large(SEP(events(were(found(to(have(Fe/O(raVos(
(at(energies(12;60(MeV/nuc)(higher(than(the(mean(gradual(SEP(event(raVo(of(0.134(
(Reames,(1999)(by(more(than(a(factor(of(4((Cohen(et(al.(2008).((

(

•  Many(of(these(gradual(events(also(exhibited(abundance(raVos(of(3He/4He(that(far(
exceeded(that(found(in(the(solar(wind((e.g.,(Cohen(et(al.(1999,(Mason(et(al.(1999,(
Wiedenbeck(et(al.(2000,(Cane(et(al.(2003,(Tylka(et(al.(2005),(also(unexpected(for(gradual(
SEP(events.(These(abundance(raVos(measurements(show(that(a(single(SEP(event(may(
have(both(characterisVcs(of(impulsive(and(gradual(events.((

(

•  EnergeVc(electrons(and(type;III(radio(bursts,(which(are(onen(associated(with(3He;rich(
SEPs,(were(not(visible(for(some(events(above(instrument(backgrounds(in(this(recent(
minimum,(nor(were(X;ray(flares,(jets,(or(a(clear(CME((Mason(et(al.(2008).((

(

•  Recently,(Cane(et(al.((2010)(presented(a(study(of(280(protons(events(detected(between(
1997(and(2006(and(find(a(conVnuum(of(event(properVes(and(argued(that,('a(priori',(the(
simplest(`two;class'(picture(of(SEP(events(is(not(supported.(
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For(a(planar(shock,(the(downstream(spectrum(depends(on(the(compression(raVo.(A(raVo(2(<(r(
<(4(will(give(a(differenVal(intensity(with(a(power(law(dist.(and(an(index(in(the(range(1(<(q(<(2.(
(
The(maximum(energy(amainable(over(any(given(interval(depends(on((

(>(the(shock(speed,((
(>(the(perp(and(parallel(diffusion(coefficients((
(>(the(angle(between(the(mean(magneVc(field(and(the(shock(normal.(

(
Since(these(quanVVes(vary(from(one(event(to(the(next,(this(could(explain(the(large(variety(of(
spectra(observed(in(SEPs.((
(
Because(k//(is(much(larger(than(kperp,(quasi;perp(shock(accelerate(parVcles(faster(than(quasi;
parallel(shocks(and(should(produce(the(highest(energy(parVcles.(HOWEVER(for(simple(
unbraided(magneVc(fields(the(number(of(shock(crossings(is(limited(for(parVcles(with(low(
energies.(
(
The(injecVon(problem(for(quasi;perp(shock(can(be(solved(for(in(two(scenarios:((

(;(flare(remnants(producing(a(sea(of(weakly(energised(seed(parVcles((e.g.(Tylka(and(Lee(2005)((
(;(field;line(meandering(increasing(parVcle(moVon(across(the(shock((Giacalone(2003)(
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•  Can(shock(acceleraVon(explain(the(observaVons(of(Fe;enriched((energy(dependent(
composiVon)?(

(

•  Tylka(and(Lee((2005)(proposed(an(
analyVcal(model(based(on(the(
two(assumpVons:(

(
(1)(seed(populaVon(is(
energy(dependent(
(
(2)(injecVon(energy(is((
higher(for(Q;perp(
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Rouillard(et(al.,(Ap.(J.(2012(

Karen&Harvey&Lecture&.&Boston&.&3&June&2014&



Maximum(SEP(flux(versus(shock(speed(could(be(compared(along(two(different(set(of(field(
lines(for(a(SINGLE(CME(event.(These(direct(measurements(could(be(plomed(on(the(Kahler(et(
al.((2001)(scamer(plot.(

STB(

L1(

STA(Sun(

CME(

Pushed(
streamers(

Karen&Harvey&Lecture&.&Boston&.&3&June&2014&



ST;B(

ST;A(

L1(

2012(July(23(CME(event:((

Rouillard(et(al.(In(preparaVon((2014)(
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Once(each(ellipsoid(is(computed,(we(trace(the(3;D(locaVon(of(the(magneVc(field(lines(connected(
to(the(point(of(in;situ(measurements(that(are(considered(to(be(Parker((Archimedean;like)(
spirals.(The(3;D(locaVon(of(the(spiral(depends(on(the(measurements(of(the(solar(wind(speed(at(
the(parVcle(onset(Vme.(We(then(determine(the(intersecVon(of(this(spiral(with(the(ellipsoid(at(
each(Vmestep.(At(this(intersecVon(point,(we(then(compute(at(each(Vme(step:(
;  the(3;D(normal(vector(to(the(surface((shock(normal)(and(the(shock(geometry,(
;  the(3;D(shock(velocity((
(

To(STEREO;B(

To(STEREO;A(

To(L1(2013(04(11(event(



GLE(event(of(2012(March(17:(

To(STA(

To(L1(

To(STB(

To(STA
(

To(STB(
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To(STA(

To(L1(

To(STB(

To(STA
(

To(STB(

Quasi;perp(geometry(lasVng(at((
most(10(minutes(on(very(long(field(line(
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GLE(event(of(2012(March(17:(



To(STA(

To(STB(
To(STB(

To(STA
(

To(L1(

GLE(event(of(2012(March(17:(
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To(STB(

To(STA
(

To(STB(

To(STA(

To(L1(

Quasi;parallel(geometry(lasVng(at((
most(10(minutes(on(very(long(field(line(

GLE(event(of(2012(March(17:(
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To(STA
(

To(STB(

GLE(event(of(2012(March(17:(
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To(STA
(

To(STB(

GLE(event(of(2012(March(17:(
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;  The(expansion(of(CMEs(is(associated(with(an(iniVal(strong(lateral(and(radial(expansion((
(30;40(minutes).(
(
(
;(((During(this(phase(magneVc(connexion(to(the(shock(occurs(in(a(region(of(the(corona(where(
characterisVc(speeds(are(very(high(and(shock(formaVon(may(not(occur.(
(
(
;  Deriving(the(local(shock(geometry(requires(a(magneVc(model.(Lateral(expansion(is(not((
necessarily(associated(with(a(quasi;perp(shock.(

;  Some(coronal(magneVc(configuraVons(can(lead(to(quasi;perp(shock(extending(over(long(
distances((>1Rs).(
(
(
;  The(only(GLE(event(was(likely(associated(with(a(quasi;perp(shock(and(very(high(shock(speeds(
derived(on(the(magneVc(field(line(connected(to(L1.(
(



GLE((ERNE((
(((((((((SATURATED)(
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What&observaAons&do&we&need&from&Solar&Orbiter&and&Solar&Probe?&

(
;  In;situ(measurements(of(shock(properVes(near(the(Sun(

;  In;situ(measurements(of(suprathermal(parVcles((injecVon(problem),(

;  SEP(measurements(near(the(Sun(without(worrying(about(propagaVon(
Issues((diffusion,(focusing,(adiabaVc(cooling),(
(
;  ComposiVon(measurements(to(assess(the(flare(remnants(hypothesis,(
(
;  High;resoluVon(images(of(shocks(to(determine(its(local(deformaVons.(
(
to(name(a(few…(
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THANK(YOU!(


